ABSTRACT. Our aim was to assess the protective effect of hydrogen-rich water against cisplatin-induced nephrotoxicity in rats using dynamic contrast-enhanced CT (DCE-CT). DCE-CT studies were performed in 30 rats (8 weeks old) on days 0, 2, 4 and 7 using multidetector row CT. The rats were divided into three groups: a control group (n 56) with free access to standard water and without cisplatin injection, a non-treatment group (n 512) with free access to standard water and injected with cisplatin (3.6 mg kg -1 body weight) intraperitoneally on day 0 and a treatment group (n 512) with free access to hydrogen-rich water starting from 7 days before cisplatin injection. The contrast clearance per unit renal volume (K 1 ) was estimated from the DCE-CT data using the Patlak model. The contrast clearance of the entire kidney (K) was obtained by multiplying K 1 by the renal volume. The serum creatinine level was also measured on day 7. The K 1 and K values normalised by those on day 0 in the treatment group were significantly greater than those in the non-treatment group on days 2, 4 and 7. There were no significant differences in the normalised K value between the treatment and control groups on days 2 and 7. The serum creatinine level in the treatment group was significantly lower than that in the non-treatment group and was not significantly different from that in the control group. This study demonstrated that hydrogen-rich water ameliorates renal dysfunction due to cisplatin-induced nephrotoxicity in rats.
Cis-dichlorodiammineplatinum (II) (cisplatin) is one of the most widely used agents for chemotherapy of cancers. It is well known that cisplatin exhibits nephrotoxicity; it has been reported to cause direct tubular necrosis [1] . Such nephrotoxicity appears to be the major dose-limiting untoward factor associated with cisplatin administration. Thus, it is important to monitor this nephrotoxicity when using cisplatin in a clinical setting. The evaluation of nephrotoxicity is also critical in the course of drug development, because it is one of the major toxicities of drugs. It is also important to find an agent that has a protective effect against cisplatin-induced nephrotoxicity.
Oxidative stress represents an imbalance between the production of reactive oxygen species (ROS) and the activity of antioxidant defence systems [2] . It is thought that oxidative stress plays a critical role in cisplatininduced nephrotoxicity [3] . Cisplatin stimulates the generation of ROS such as hydroxyl radicals and renal lipid peroxidation [4] . Antioxidants that have protective effects against nephrotoxicity have been extensively explored [5, 6] . Recently, Ohsawa et al [7] found that molecular hydrogen could selectively reduce cytotoxic ROS, such as hydroxyl radicals, and exert therapeutic antioxidant activity in a rat middle cerebral artery occlusion model.
In addition, the inhalation of hydrogen gas has been demonstrated to reduce the infarct size in a rat model of myocardial ischaemia-reperfusion injury [8] and suppress hepatic ischaemia-reperfusion injury in mice [9] .
Glomerular filtration is the main function of the kidney. Measurement of the glomerular filtration rate (GFR) is important in the evaluation of renal function for the assessment of many renal diseases and their treatment [10] . The conventional iodinated X-ray contrast agents (CAs) have pharmacokinetics similar to those of inulin, generally regarded as the benchmark extracellular fluid marker in physiology [10] . Dynamic contrast-enhanced CT (DCE-CT) has a great potential for measuring physiological parameters [11] because CT can measure changes in the concentration of CA quantitatively, accurately, and with high spatial and temporal resolution by subtracting unenhanced from enhanced CT scans. Consequently, DCE-CT using iodinated CA has been applied to the measurement of GFR [10] [11] [12] . The purpose of this study was to investigate the protective effect of hydrogen-rich water against cisplatin-induced nephrotoxicity in rats using DCE-CT.
Methods and materials

Calculation of the clearance of CA in the kidney
The clearance of CA per unit renal volume (K 1 ) was estimated from the concentrations of the CA in the kidney and blood using the Patlak graphical method [13] . The details have been described in Murase et al [12] . The clearance of CA in the entire kidney (K) was calculated by multiplying K 1 by the renal volume. It should be noted that K is the GFR in terms of the whole blood.
The time-attenuation curve (TAC) in the aorta was used as an arterial input function (AIF) instead of that in the renal artery, because it was difficult to directly obtain the TAC in the renal artery. The transit time of the CA from the aorta to the renal artery was corrected as follows. First, we manually drew the region of interest (ROI) on the aorta and entire kidney, and then generated the TACs in the aorta and entire kidney ROIs. Second, the transit time between the aorta and the kidney was determined by visually finding the rise points of these TACs. Finally, the transit time was corrected by shifting the TAC in the aorta to that in the entire kidney. The dispersion in AIF between the aorta and the kidney ROIs was not corrected in this study.
The partial volume effect (PVE) on AIF was corrected according to Cenic et al [14] . Briefly, a calibration curve was generated by phantom experiments containing background and contrast tubes with various diameters [11] . From the calibration curve, the recovery coefficient (RC) value was determined, as we knew the standard deviation (SD) of the Gaussian fit to the backgroundsubtracted image profile of the aorta from which the AIF was obtained [11] . The AIF corrected for the PVE was obtained by multiplying the AIF by the RC value obtained above.
Animal experiment protocol
All animal experiments were approved by the animal ethics committee at Osaka University School of Medicine. 30 male Sprague-Dawley rats aged 8 weeks were used. They were purchased from Charles River Japan (Yokohama, Japan) and were maintained under standard conditions. The room temperature was kept at 23˚C and a normal 12-h light/dark cycle was maintained. The rats were divided into three groups: a control group (n 56, body weight (BW) 284¡4 g (mean ¡ SD)) with free access to standard laboratory food and water and without cisplatin injection, a non-treatment group (n 512, BW 290¡7 g) with free access to standard laboratory food and water and injected with cisplatin (3.6 mg kg -1 BW) intraperitoneally on day 0, and a treatment group (n 512, BW 263¡14 g) with free access to standard laboratory food and hydrogen-rich water starting from 7 days before an intraperitoneal injection of cisplatin (3.6 mg kg -1 BW) on day 0. Hydrogen-rich water sealed in a 200-ml aluminium pouch was kindly provided by I'rom Pharmaceutical (Tokyo, Japan). The process for producing hydrogen-rich water has been described previously [15] . The concentration of dissolved hydrogen was 1.2¡0.1 mg l -1 (mean ¡ SD), as measured using a dissolved hydrogen analyser (DH-35A; DKK-TOA, Tokyo, Japan). Cisplatin was purchased from Nippon Kayaku (Tokyo, Japan).
The DCE-CT studies were performed on days 0, 2, 4 and 7. When performing the DCE-CT studies, the animal was anaesthetised with an intraperitoneal injection of chloral hydrate solution (Sigma Aldrich, St Louis, MO) (4%, 400 mg kg -1 BW) and was placed on the CT table in a prone position. To reduce physiological motion such as respiratory motion, we immobilised the animal with surgical tape.
DCE-CT protocol
The DCE-CT studies were performed using multidetector row CT (Asteion; Toshiba Medical Systems, Tochigi, Japan). For selection of the appropriate transverse level for DCE-CT studies, unenhanced scout scanning through the kidneys was performed with a tube voltage of 120 kV and a tube current of 80 mA. After selection of the transverse level, the DCE-CT study was performed with the same tube voltage and tube current used for scout scanning. The matrix size was 512 6 512 and the field of view (FOV) was 90 mm 6 90 mm. Four slices with a thickness of 3 mm were acquired with a gantry rotation speed of 1.5 s.
For the dynamic study, CT scanning was initiated 4 s before administration of CA. A bolus of 150 mg I kg -1 BW of iodinated CA (Iopamiron 300 (300 mg I ml); Bayer Schering Pharma, Osaka, Japan) was administered at a rate of 0.125 ml s -1 through the 26-gauge tail vein catheter using an automatic injector of our own manufacture. Dynamic scanning was continued for 90 s, and transverse images were reconstructed at 1-s intervals, resulting in 90 consecutive images per slice.
After the DCE-CT scanning, helical CT scanning covering the entire kidneys was performed with the same tube voltage, tube current and FOV used for DCE-CT scanning, a slice thickness of 1 mm and a table speed of 5.5 mm/rotation, i.e. a helical pitch of 5.5 for the measurement of renal volumes.
After the final DCE-CT study performed on day 7, rats were killed under anaesthesia and blood was collected from the heart. The serum level of creatinine was measured (SRL, Tokyo, Japan).
Measurement of renal volume
We measured the renal volume as follows. First, we manually delineated the kidney on the contrastenhanced CT image and calculated the area within the contour. Finally, we calculated the renal volume by summing up the areas from all slices and multiplying it by the slice thickness.
Histopathological observation
After the final DCE-CT study performed on day 7, rats were killed and kidneys were removed for histopathological observation. The resected kidney was sectioned in blocks, fixed in 20% formalin, then dehydrated in graded concentrations of alcohol and embedded in paraffin. The kidney block was cut into 2-mm sections and stained with periodic acid-Schiff (PAS) reagents to demonstrate polysaccharides, neutral mucopolysaccharide and glycoproteins from epithelial tubular membranes. Slices were incubated with periodic acid for 5 min and washed with distilled water. Slices were then incubated with Schiff's reagent for 15 min and counterstained with haematoxylin for 30 s. The histopathological observation was performed using light microscopy.
Statistical analysis
Unless specifically stated, data were represented as mean ¡ standard error (SE). The paired Student's t-test was used to test for significant differences in the K 1 and K values compared with those on day 0. Tukey's multiple comparison test was used to compare the BW, K 1 and K values normalised by those on day 0 among the control, non-treatment and treatment groups on days 2, 4 and 7, and the serum creatinine levels on day 7. A p-value less than 0.05 was considered significant. Figure 1a shows the K 1 values as a function of days after cisplatin injection in the control, non-treatment and treatment groups, whereas Figure 1b shows the K 1 values normalised by that on day 0. In the control group, the K 1 value significantly increased on day 7 compared with that on day 0, whereas it significantly decreased on days 2, 4 and 7 compared with day 0 in the nontreatment and treatment groups (Figure 1a) . For the normalised K 1 value, there were significant differences among the control, non-treatment and treatment groups on days 2, 4 and 7 (Figure 1b) . Figure 2a shows the K values as a function of days after cisplatin injection in the control, non-treatment and treatment groups, whereas Figure 2b shows the K values normalised by that on day 0. In the control group, there were no significant differences in the K value on days 2, 4 and 7 compared with day 0. In the non-treatment group, the K value significantly decreased on days 2, 4 and 7 compared with day 0, whereas it significantly decreased only on day 4 in the treatment group (Figure 2a) . For the normalised K value, there were significant differences between the control and non-treatment groups and between the non-treatment and treatment groups on days 2, 4 and 7, whereas there were no significant differences between the control and treatment groups (Figure 2b) . Figure 3 shows the BW normalised by that on day 0 as a function of days after cisplatin injection in the control, non-treatment and treatment groups. There were significant differences among the control, non-treatment and treatment groups, except on day 4 between the nontreatment and treatment groups. Figure 4 shows the serum creatinine levels in the control, non-treatment and treatment groups. The serum creatinine level in the treatment group (0.27¡0.02 mg dl -1 ) was significantly lower than that in the non-treatment group (0.62¡0.09 mg dl -1 ) and was not significantly different from that in the control group (0.23¡0.01 mg dl -1 ). Figure 5a shows the typical PAS stain images obtained from the control, non-treatment (Figure 5b ) and treatment groups (Figure 5c ). Some tubular dilatation and damage with desquamation of tubular epithelium were observed in the non-treatment group (Figure 5b) , whereas the extent of such damage was largely reduced in the treatment group (Figure 5c ). between the control and non-treatment groups, between the control and treatment groups, and between the non-treatment and treatment groups, respectively.
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Discussion
In this study, we quantitatively evaluated the effect of hydrogen-rich water on cisplatin-induced nephrotoxicity in rats by measuring the CA clearance in the kidney (K 1 and K) using DCE-CT and the Patlak model [13] . Our results (Figures 2-5 ) demonstrated that hydrogen-rich water has a protective effect against cisplatin-induced nephrotoxicity.
As previously described, K 1 and K are the clearance of CA per unit renal volume and that in the entire kidney, respectively. In clinical practice, the measurement of creatinine clearance (Ccr) remains the most widely used method for obtaining an index of GFR [16] . Although measurement of Ccr requires a carefully timed urine collection (usually 24 h) and blood sampling [16] , measurements of CA clearance using DCE-CT require neither urine nor blood sampling and are easy to perform even in animal experiments as done in this study. This method allows repeated measurements in a single animal and simultaneous evaluation of individual renal morphology and function with high spatial resolution. Thus, the present method appears useful for the purpose of this study. The Patlak model has been widely used to measure the GFR with DCE-CT [10, 12] . We also used this model in this study. According to this model, the GFR is measured as the transfer from the arterial blood to the renal tubules. The model also takes into account the fact that no tracer outflow from the ROI during the sampling period is assumed [10, 12] . Therefore, an ROI that encompasses the entire kidney including the cortex and medulla is generally used [10, 12] ; thus, the present method is unlikely to be affected by artefacts due to physiological motion, such as respiratory motion, which are problematic in animal experiments [12] . Recently, Nakashima-Kamimura et al [17] reported that hydrogen-rich water improved metamorphosis accompanying decreased apoptosis in the kidney and nephrotoxicity as assessed by serum creatinine and blood urea nitrogen levels. The present study quantitatively assessed the protective effect of hydrogen-rich water against cisplatin-induced nephrotoxicity in terms of CA clearance as previously described and strongly supported the above results of Nakashima-Kamimura et al [17] .
Cisplatin-induced nephrotoxicity appears to be mediated, at least partially, through generation of ROS [3] . Hydrogen has potential as an antioxidant in preventive and therapeutic applications [7] . Ohsawa et al [7] found that hydrogen selectively reduced hydroxyl radicals, the most cytotoxic ROS, and effectively protected cells; however, hydrogen did not react with other ROS possessing physiological roles. Thus, hydrogen can be used as an effective antioxidant therapy; owing to its ability to rapidly diffuse across membranes, it can reach and react with cytotoxic ROS and thus protect against oxidative damage. A wide variety of antioxidants have been reported to reveal protective effects against cisplatininduced nephrotoxicity [5, 6] . These antioxidants, however, generally require high doses to exhibit a significant protective effect, which may cause various side effects.
Compared with these antioxidants, hydrogen-rich water appears to be much safer and easier to apply. If too much hydrogen is taken in, the excess would be expired through the lungs. Thus, hydrogen-rich water has great potential for clinical use.
It is known that hydrogen is produced by carbohydrate fermentation in the colon [18] . When unabsorbed carbohydrate enters the colon, it is rapidly fermented to produce short-chain fatty acids by anaerobic colonic bacteria and liberates hydrogen, which normally circulates in the blood [18] . Thus, it appears that hydrogen is physiologically safe for humans at a relatively low concentration and does not cause significant side effects or toxicities. Although no side effects or toxicities due to hydrogen-rich water were observed in this study, further studies on these disturbances will be necessary in order to start using hydrogen-rich water in the clinical setting. For clinical use, whether hydrogen-rich water interferes with the antitumour activity of cisplatin is also an important point. Nakashima-Kamimura et al [17] investigated this interference using cancer cell lines in vitro and tumour-bearing mice in vivo, and reported that hydrogen does not impair the antitumour activity of cisplatin. However, further studies on this interference using human subjects may also be necessary in order to establish the usefulness of hydrogen-rich water in the clinical setting.
In several studies, inhalation of hydrogen gas was reported to protect cerebral [7] , myocardial [8] and hepatic ischaemia-reperfusion injury in animal models [9] . Hydrogen gas, however, may not be suitable for practical use, because inhalation of hydrogen gas requires special devices such as a sealed chamber or face mask. To overcome this drawback, several authors investigated whether drinking hydrogen-rich water ad libitum, instead of inhaling hydrogen gas, is effective and applicable for reducing oxidative stress [19] [20] [21] . Kajiyama et al [19] reported that drinking hydrogen-rich water may have a beneficial role in the prevention of type 2 diabetes mellitus or impaired glucose tolerance. Zheng et al [20] reported that drinking hydrogen-rich water protects the small intestine against ischaemia-reperfusion injury, and Nagata et al [21] reported that it may be applicable for preventive use in cognitive or other neuronal disorders. In this study, rats drank hydrogen-rich water ad libitum. Drinking hydrogen-rich water is an easier, cheaper and more convenient way of taking hydrogen in daily life than inhalation of hydrogen gas. Thus, drinking hydrogen-rich water will improve quality of life, especially in patients undergoing chemotherapy.
In conclusion, this study demonstrated that hydrogen-rich water ameliorates renal dysfunction due to cisplatininduced nephrotoxicity in rats. Our method using DCE-CT appears useful for quantitatively evaluating the effect of antioxidants such as hydrogen against drug-induced nephrotoxicity, because it allows repeated and simultaneous evaluation of renal morphology and function.
